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® Method of manufacturing compound semiconductor thin film. 

® A p-type Ga/Vs or AlGaAs thin film is formed by is dependent on the supply rate of the V-group 

a MOCVD method. In the growing step of the thin element. 

film, the thin film is doped with a high concentration 

of carbon atoms fonming an acceptor level such that 
^the carrier concentration of the thin film falls within 
^the range of fcietween 1 x 10^^ cm""^ and 1 x lO^o 
^cm~3. At least one of trimethyl gallium and trimethyl 
iJJ aluminium is used as a raw material gaseous com- 
U> pound of Ill-group element, and arsine is used as a 

raw material gaseous compound of V-group element. 
§The thin film is fonned by an epitaxial growth under 
Wthe molar ratio V/ll! of the V-group element supply 
^rate to the Ill-group element supply rate, which is set 

at such a small value as 0,3 to 2.5, the temperature 
ft" of 450 to 700' C and the pressure of 1 to 400 Terr. 
**^The thin film formed under these conditions exhibits 

a minror-like smooth surface, and the film-growth rate 
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Method of manufacturing compound semiconductor thin film 



The present invention relates to a method of 
manufacturing a lll-V group compound semicon- 
ductor thin film by means of metal organics chemi- 
cal vapor deposition (MOCVD). more particularly, to 
a method of growing a p-type GaAs layer or 
A16aAs layer. 

The MOCVD method is widely employed for 
growing a lll-V group compound semiconductor 
film: If the supply ratio of the V-group element 
material to the Ill-group element material. i.e., V/lll 
ratio, is low in the manufacture of the compound 
semiconductor film, deterioration of the surface 
morphology and reduction in the film-growth rate 
are brought about simultaneously. To overcome the 
difficulty, it was customary in the past to set the 
V/lll ratio at a level high enough to prevent the 
deterioration of the surface morphology. Conse- 
quently, the efficiency of utilizing the V-group ma- 
terial was very low in the past. It is known to the art 
to thermally decompose the V-group material in 
order to improve the efficiency of utilizing the V- 
group material. However, this method is incapable 
of achieving an epitaxial growth of the lll-V group 
compound semiconductor of a high quality and, 
thus, is not practical. 

It was conventional to use Be, Zn. Mg, or Cd 
as a p-type dopant of the lll-V group compound 
semiconductor. Beryllium certainly permits doping 
at a high concentration, but is highly poisonous. On 
the other hand, each of Zn. Mg and Cd exhibits a 
high vapor pressure, is low in doping efficiency 
under high growth temperatures, is likely to be 
adsorbed on the wall of a pipe, and tends to exhibit 
a memory effect that intake of the raw material gas 
is delayed, resulting in failure to obtain abrubt 
dopant profiles. 

Carbon, which is used as an acceptor in a lll-V 
group compound semiconductor, is known to ex- 
hibit good electrical properties. However, only a 
few reports have been published to data concem- 
ing a dopant material suitable for achieving a car- 
bon doping in the MOCVD method. Under the 
circumstances, it was very difficult to manufacture 
a p-type GaAs or AX GaAs layer having a high 
carrier concentration by the MOCVD method. 

As a method of achieving carbon doping with- 
out using new dopant material, it is proposed to 
alternately supply a trimethylg allium (TMG) gas 
and an arsine (AsHa) gas in the step of growing a 
GaAs layer by the MOCVD method. In this method, 
however, a heavy burden is given to, for example, 
a valve mounted in the gas supply system because 
it is necessary to switch frequently the supply of 
the two different gases. Further. It is necessary to 
sufficiently evacuate the reaction furnace in switch- 



ing the gas supply. In other words, a long gas 
switching time is required, leading to a low growth 
rate of a thin film. 

To reiterate, carbon is an effective p-type im- 
5 purity used in a GaAs or AX GaAs semiconductor. 
However, a suitable dopant material for achieving 
carbon doping in the MOCVD method has not yet 
l>een found. On the other hand, the method of 
growing a p-type GaAs layer while altemately sup- 
10 plying TMC and AsHs gases necessitates a fre- 
quent switching of the gas supply, leading to a 
heavy burden to the apparatus and to a low growth 
rate of the GaAs layer. Under the circumstances, it 
was very difficult to manufacture a p-type GaAs or 
75 AxGaAs layer having a high carrier concentration 
by the MOCVD method. 

An object of the present invention is to provide 
a method of manufacturing a compound semicon- 
ductor thin film by the MOCVD method, which 
20 permits doping carbon in the growing film at a high 
concentration and with high controllability. 

Another object is to provide a method of manu- 
facturing a compound semiconductor thin film with- 
out bringing about a heavy burden given to the 
25 manufacturing apparatus and a reduction in the film 
growing rate. 

According to an aspect of the present inven- 
tion, there is provided a method of manufacturing a 
p-type compound semiconductor thin film contain- 
30 ing a Ill-group element of at least one of Ga and 
AX and a V-group element of As by metal organics 
chemical vapor deposition (MOCVD). characterized 
in that an alkylated compound having a methyl 
group is used as a raw material gas of the Ill-group 
35 element compound, a hydrogenated compound is 
used as a raw material gas of the V-group element 
compound, and the film is grown epitaxially under 
a condition that the molar ratio (V/HI) of the V-group 
element supply rate to the Ill-group element supply 
40 rate is set to fall within the range of between a first 
condition in which said ratio V/lll is smaller than 1 
and a non-mirror growth takes place and a second 
condition in which said ratio is larger than 1 and a 
non-mirror growth takes place so as to bring about 
45 a mirror growth. 

According to another aspect of the present 
invention, there is provided a method of manufac- 
turing a p-type compound semiconductor thin film 
containing a Ill-group element of at least one of Ga 
50 and AX and a V-group element of As by metal 
organics chemical vapor deposition (MOCVD), 
characterized in that an alkylated compound having 
a methyl group is used as a raw material gas of the 
Ill-group element compound, a hydrogenated com- 
pound is used as a raw material gas of the V-group 
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element compound, and the film is grown epitax- 
iaily under a condition that the growth rate of the 
thin film is controlled by the supply rate of the 
hydrogenated compound of the V-group element 

The method of the present Invention makes it 
possible to form a p-type GaAs or AlGaAs layer 
having such a high carrier concentration as 1 x 
10'' to 1 X 10^ cm"3 without using a new dopant 
material. To be more specific, the present invention 
permits doping a thin film grown by the MOCVD 
method with a high concentration of carbon. In 
addition, the carbon doping can be controlled ac- 
curately. Further, the burden applied to the appara- 
tus is not increased and the film forming rate is not 
lowered in the present invention. !t follows that the 
method of the present invention is effective in 
manufacturing a semiconductor device including a 
p-type GaAs or AlGaAs layer having a high carrier 
concentration. 

This invention can be more fully understood 
from the following detailed description when taken 
in conjunctk>n with the accompanying drawings, in 
which: 

Fig. 1 illustrates a crystal having a pn junc- 
tion, said crystal being manufactured by the meth- 
od of the present invention; 

Rg. 2 shows a carrier concentration profile 
of the crystal shown in Rg. 1; 

Rg. 3 schematically shows the construction 
of an MOCVD apparatus used for working the 
method of the present invention; 

Hg. 4 is a graph showing the relationship 
between the film-growth temperature and the hole 
concentration with respect to thin films formed by 
the method of the present invention under various 
V/lll molar ratios; 

Rg. 5 is a graph showing the relationship 
between the film-growth temperature and the film- 
growth rate with respect to thin films grown by the 
method of the present invention under various V/lll 
molar ratios: 

Rg. 6 is a graph showing the relationship 
between the film-growth temperature and the hole 
concentration with respect to thin films grown un- 
der various temperatures; 

Rg. 7 Is a graph showing the relationship 
among the film-growth temperature, the V/lll molar 
ratio and the surface morphology of a thin film; 

Rgs. 8A. 8B, 9 and 10 are cross sectional 
views each showing a semiconductor device manu- 
factured by the method of the present invention; 
and 

Rg. 11 is a graph showing the relationship 
between the film-growth pressure and the hole 
concentration of a thin film. 

The method of the present invention permits 
growing a p-type compound semiconductor thin 
film of a high carrier concentration by the MOCVD 



method without using a new dopant material. In the 
present invention, the raw material gas is property 
selected to achieve the object. The thin film manu- 
factured by the method of the present invention 

5 contains a Ill-group element of at least one of Ga 
and Al , and a V-group element of As. The thin film 
* is formed by epitaxial growth using an alkylated 
compound having a methyl group as a raw material 
gas of the ill-group element and a hydrogenated 

10 compound as a raw material gas of tiie V-group 
element. 

In the present invention, the molar ratio (V/lll) 
of the V-group element supply rate to the Ill-group 
element supply rate is set to fall within the range of 

75 between a first condition in which said ratio V/lll is 
smaller than 1 and growth of a thin film having a 
non-mirror like surface takes place and a second 
condition in which said ratio is larger than 1 and 
growth of a thin film having a non-mirror like sur- 

20 face takes place so as to bring about growth of a 
thin film having a min-or-like surface. It is also 
important to note that the growth rate of the thin 
film is controlled by the supply rate of the hydroge- 
nated compound of the V-group element. 

25 In a preferred embodiment of the present in- 

vention, at least one of trimethyl gallium (TMG) and 
trimethyl aluminum (TMA) is used as the alkylated 
compound of the Ill-group element On the other 
hand, arsine (AsHa) is used as the hydrogenated 

30 compound of the V-group element. It is desirable to 
set the molar ratio of As to the Ill-group element, 
i.e.. V/lll ratio, at 0.3 to 2.5. Also, it is desirable to 
perform the thin film growing operation under the 
temperatures of 450 to 700* C and pressures of 1 

35 to 400 Torr. 

In the conventional process of growing a GaAs 
or AlGaAs thin film using TMG, TMA and AsHa as 
the raw material gases, the V/lll ratio is set at 20 to 
150 and the substrate is heated to 600 to 800* C. 

40 Since the compound of the V-group element, i.e.. 
V-group compound, is supplied in a very large 
amount, compared with the amount of the com- 
pound of the Ill-group element, i.e.. Ill-group com- 
pound, the thin film growing rate is not affected by 
45 the supply rate of the V-group compound and is 
proportional to only the supply rate of the Ill-group 
compound. If the V/lll ratio is set lower than 20 in 
the conventional process, deterioration takes place 
in the surface morphology of the grown thin film. 
50 The present inventors have found that, where 

the organometallic compound has a methyl group, 
a condition which permits growth of crystals having 
a complete mirror-like smooth surface is locally 
included in the conditions under which the V/lli 
55 ratio is small so as to bring about deterioration of 
the surface morphology. It has been found that, if 
the V/lll ratio is small, the cart)on introduction into 
the growing thin film is increased, though the sur- 
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face morphology of the growing thin film is cer- 
tainly deteriorated. Further. H the V/lll ratio is as 
small as 2.5 or less, deterioration of the surface 
morphology is diminished and the carbon Introduc- 
tion into the growing thin film rapidly increased. In 
the case of the V/lll ratio being small, the film- 
growth rale is made proportional to the supply rate 
of the V-grpup compound. It has also been found 
that, where the substrate temperaUjre falls within 
the range of between 450 and 650* C and the V/lll 
ratio falls within the range of between 0.3 and 2.5, 
the carbon introduction into the growing film is 
rapidly increased, making it possible to control 
accurately the hole concentration within the range 
of between 1 x 10^* cm'^ and 1 x lO^o cm-3. 

In the method of the present invention, TMG or 
TMA is decomposed to form a compound semicon- 
ductor thin film containing Ga or Al. What should 
be noted is that the concentration of the reaction 
species, i.e., Ga or Al which is coupled with a 
methyl group or a -CHx (x = 0 to 2) group, is high 
on the surface of the substrate on which a thin film 
is to l^e formed, with the result that the carbon 
introduction into the thin film is facilitated. The 
carbon atoms introduced into the thin film form an 
acceptor level. It is possible to control with a high 
reproducibility the carrier concentration in the p- 
type GaAs and/or AlGaAs layer by property select- 
ing the molar ratio of AsHa to TMG and/or TMA in 
the growing film and the film-growth temperature. 
In the present invention, the film-growth process is 
carried out continuously. In other words, the valve 
included in the apparatus need not be opened or 
closed during the film-growth operation. Naturally, 
disorder of the valve need not be wonied about. 
Further, a new dopant material is not used in the 
present invention, making it possible to eliminate 
the memory effect. Thus, no detrimental effect is 
given to other films which may be formed later. 
Thus the method of the present invention makes it 
possible to achieve a steep doping profile, which is 
highly advantageous in the manufacture of a semi- 
conductor device. 

To reiterate, the method of the present Inven- 
tion permits overcoming the defects inherent in the 
conventional MOCVD method, and makes it possi- 
ble to provide a semiconductor device comprising 
a p-type GaAs or AlGaAs layer having a high 
carrier concentration. What should also be noted is 
that the distribution of the carrier concentration is 
steep in the p-type compound semiconductor layer 
grown by the metiiod of the present invention, 
enabling the produced semiconductor device. to 
exhibit satisfactory characteristics. 

Let us describe more in detail the present 
invention with reference to the accompanying draw- 
ings. 



Example 1 

A GaAs film was formed by epitaxial growth 
using TMG. i.e., material of Ill-group element and 
5 AsHa. i.e.. material of V-group element, as raw 
material gases. The GaAs film was grown at 
620 *C, with the gas flow speed set at 60 cm/min 
or more. The TMG gas and the AsHa gas were 
supplied at rates of 3 x 10~^ mol/min to 1.8 x 
10 10"5 mol/min and 4 x 10"* mol/min to 8 x 10'^ 
mol/min. respectively. The V/lll ratio fell within the 
range of between 0.5 and 4. Where the V/lll ratio 
was smaller than 0.5, Ga metal was deposited on 
the surface of the GaAs film formed. Where the 
75 V/III ratio was larger than 4. deterioration of tiie 
surface morphology was recognized in the GaAs 
film formed. The film-growth rate was found to be 1 
um/hr to 5 um/hr. The grown GaAs film was found 
to be of p-type conductivity in any of the samples. 
20 It has also been found that the carrier concentration 
was increased with decrease In the V/lll ratio. The 
p-type carrier concentration determined by Van der 
Pauw method was found to be 1 x 10^^ cm"^ to 1 
X 10^° cm"'^. Also, the Impurity concentration was 
25 measured by Secondary Ion Mass Spectrometry 
(SIMS), with the result tiiat the carbon concentra- 
tion was found to be substantially identical with the 
carrier concentration. The change in the lattice 
constant in tills case was 0.02% or less, which was 
30 1/5 or less the value in the case where Be was 
added to form substantially the same amount of 
carriers. Further, profile of the carbon concentration 
was examined, with the result that the carbon con- 
centration was steeply changed from the level of 5 
35 x 10's cm-3 to ttie detectable lowest level of 1C 
cm"3 or less within a range less than the resolution 
of 300 A. 

The surface morphology was improved again 
where the V/lll ratio in the raw material gases was 

40 10 or more. In this case, however, a large number 
of hillocks. i.e.. scores of tens to hundreds of 
thousands of hillocks per square centimeter, were 
recognized. On the contrary, where the V/lll ratio 
was set small to permit the mirror-like growth as in 

45 the present invention, the hillock concentration was 
lower than 1 0.OOO/cm^, which is substantially negli- 
gible. 

Where triethyl gallium (TEG) was used in place 
of TMG as tiie Ill-group raw material. Ga metal was 
so rapidly deposited on the growing GaAs film under 
the V/lll ratio of 4 or less. 



Example 2 

55 

An AlGaAs film was formed by epitaxial 
growth using as raw material gases TMA and TMG 
(materials of Ill-group elements), and ASH3 - 
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(material of V-group element). The AlGaAs film 
was grown at 560 to 620* C, with the gas flow 
speed set at 60 cm/min or more. The AsHa gas 
was supplied at a rate of 1 x 10"* mol/min to 4 x 
10"^ mol/min. On the other hand. TMA and TMG s 
were supplied at rates of 1 x 10"^ mol/min to 4 x 
10-5 mol/min and 3 x 10"« mol/min to 1.8 x 10-^ 
mol/min. respectively. The V/III ratio fell within the 
range of between 0.8 and 2. Where the V/III ratio 
was smaller than 0.8. the surface morphology of io 
the AlGa/Vs film formed was deteriorated and the 
Ill-group metal was deposited on the surface. 
Where the V/III ratio was larger than 2. deterioration 
of the surface morjphology was recognized in the 
AlGa/^ film formed. The film-growth rate was is 
found to be 1 um/hr to 5 nm/hr. The grown 
AlGaAs film was found to be of p-type conductiv- 
ity in any of the samples. It has also been found 
that the carrier concentration was increased with 
decrease in the V/III ratio. The p-type carrier con- 20 
centration determined by Van der Pauw method 
was found to be 1 x 10^^ cm "3 to 5 x lO^o cm-^. 
Also, the impurity concentration was measured by 
Secondary Ion Mass Spectrometry, with the result 
that the carbon concentration was found to be 25 
substantially identical with the carrier concentration. 
Where the V/III ratio was set constant, the higher 
At content of the compound semiconductor film 
grown has been found to lead to the higher carbon 
concentration and the higher carrier concentration. 30 
Further, profile of the carbon concentration was 
examined, with the result that the carljon con- 
centration was steeply changed from the level of 5 
X 10^5 cm""^ to the detectable lowest level of 10^' 
cm-s or less within a range less than the resolution 35 
of 300 A. 

The surface morphology was improved again 
where the V/III ratio In the raw material gases was 
10 or more. In this case, however, a large amount 
of hillocks, i.e.. scores of tens to hundreds of 40 
thousands of hillocks per square centimeter, were 
recognized. On the contrary, where the V/III ratio 
was set small to permit the min-or-like growth as in 
the present invention, the hillock concentration was 
lower than lO.OOO/cm^, which is substantially negli- 45 
gible. 



Example 3 

50 

A compound semiconductor crystal having a p- 
n junction as shown in Fig. 1 was manufactured by 
the method of the present invention. In the first 
step, a p-type AlGaAs layer 2 having a p-type 
carrier concentration of 2 x 10^^ cm*-^ was grown ss 
in a thickness of 9000 A on the surface of a p-type 
GaAs <100> substrate 1 by the gaseous phase 
epitaxial growth method described in. Example 2 



using TMG. TMA and AsHs as raw material gases. 
Then, an n-type AlGaAs layer 3 having an n-type 
carrier concentration of 1 x 10^^ cm-^ was grown 
in a thickness of 3500 A on the surface of the p- 
type AlGaAs layer 2 using triethyl gallium (TEG), 
triethyl aluminum (TEA), AsHa. and silane (SiH«) as 
raw material gases. 

Rg. 2 shows the carrier concentration profile of 
the crystal having the p-n junction thus formed. 
The change in the carrier concentration across the 
p-n junction was achieved within a range less than 
the resolution of 100 A. This is because a small 
diffusion coefficient of cartoon enables the position 
of the p-n junction in this embodiment to substan- 
tially overiap with the hetero junction interface of 
AtxGai.xAs/AtyGai.yAs (0 < x: y < 1; x = y). For 
comparison, an n-type layer was formed by adding 
Mg or Zn to the p-type AlGaAs layer 2 so as to 
prepare a crystal having a p-n junction, as shown in 
Fig. 2. In this case, the change in the carrier 
concentration across the p-n junction required at . 
least 200 A. 

In Example 3, TMG and TMA were used in 
combination to grow the p-type AlGaAs layer 2. 
However, it is also possible to use in the present 
invention the combination of TMG and TEA or the 
combination of TEG and TMA in place of the 
combination of TMG and TMA. It is important to 
note that, in order to form a good n-type compound 
semiconductor layer with a high controllability, the 
crystal growth should be carried out under a V/III 
ratio larger than the level at which the surface 
morphology is deteriorated, no matter what com- 
bination of the compounds of the Ill-group ele- 
ments noted above may be employed. 

In Example 3, the p-n junction was formed at 
the hetero junction interface of AlxGai.x/^AlyGat. 
yAs (0 < x; y < 1; x = y). However, a satisfactory 
p-n junction can also be formed at the homo junc- 
tion Interface of GaAs/GaAs structure or at the 
homo junction interface of AlGaAs/AlGaAs struc- 
ture. Further, it is apparent that the technical idea 
of the present invention is applicable to the forma- 
tion of a p-type compound semiconductor layer 
containing the Ill-group element of at least one of 
Ga and Al and the V-group element of As. 

Fig. 3 schematically shows the construction of 
an MOCVD apparatus used in Examples 4 to 7 of 
the present Invention, which will be described later. 
As seen from the drawing, the apparatus comprises 
a reaction vessel 11. A susceptor 13 formed of 
graphite, which is supported by a rotary shaft 12, is 
housed in the reaction vessel 11. A single crystal 
of GaAs sut>strate 14 is disposed on the susceptor 
13. The susceptor 13 is heated by a high fre- 
quency coil 15 so as to maintain the substrate 14 
at a high predetermined temperature. 

A carrier gas (H2 gas) is supplied to a gas line 
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18 The carrier gas is also supplied through mass 
flow controllers 41. 42. 43 to each of bubblers 31. 
32 33 having alkylated compounds having a meth- 
yl group, i-e.. TMG. TMA and trimethyl indium 
(TMI), housed therein. These bubblers are main- 
tained at a predetermined temperature by constant 
temperature battis 21 . 22. 23. The canier gas pass- 
ing through these bubblers is mixed with the carrier 
gas stream flowing within the gas line 18 and. then. 
Introduced into the reaction vessel 11 through a 
gas inlet port 16 formed at the upper end of the 
reaction vessel 11. The gas within the reaction 
vessel is discharged through a gas discharge pipe 
17 connected to a pump 46 operable under hy- 
draulic pressure. Further, a needle valve 47 is 
interposed in the gas discharge pipe 17. 

On the other hand, hydrogenated compounds 
of AsHa and SiH* are supplied to the gas line 18 
through mass flow controllers 44 and 45, respec- 
tively. If the carrier gas mixed with TMG and TMA 
vapors and with an AsHa gas is introduced into the 
reaction vessel 11. the raw material gases are 
thennally decomposed on the substrate 14 so as to 
achieve growth of a GaAs or AlGaAs layer. 



Example 4 

An epitaxial growth was carried out using the 
apparatus shown in Fig. 3. A Hz gas was used as a 
earner gas. Also, the carrier gas was allowed to 
flow into the reaction vessel in an amount of 5 
liters, and the pressure within the reaction vessel 
was controlled at 70 Torr. Further, a hydrogen gas 
was passed into the TMG bubbler 31 at a flow rate 
of 15 seem, and a GaAs film was grown in a 
thickness of 1 micron on a GaAs substrate 14 by 
changing the flow rate of AsHa gas. In this Exam- 
ple, the molar ratio R of AsHa/TMG was set small 
such that the film growing rate would be propor- 
tional to only the supply rate of AsHa. i.e.. com- 
pound of V-group element. 

The conductivity of the thin film thus formed 
was found to be of p-type. Also, changes in the 
hole concentration were measured relative to the 
change in the crystal growth temperature ranging 
between 450*0 and 650*0 and to the change in 
the AsHa/TMG molar ratio R ranging between 0.3 
and 2.5. with the results as shown in Fig. 4. It is 
seen that the hole concentration is consecutively 
changed within the range between 1 x 10'^ and 8 
X 10^3 cm-3. When observed by an interferene 
microscope, the surface of the grown crystal was 
found to be smooth like the mirror surface. Fig. 5 
shows the relationship between the film-growth rate 
and the temperature, covering the cases where the 
AsHa/TMG molar ratio R was set at 1.1, 1.5. 2.1 
and 2.5. As apparent from the graph, the film- 



growth rate can be determined by controlling the 
film-growth temperature and tine ratio R. making it 
possible to control the thickness of the formed film. 
Incidentally, tiie experimental results shown in Figs. 

5 4 and 5 were obtained with a high reproducibility. 

/tfiother experiment was conducted to grow a 
p-type AlGaAs thin film having a mirror-like 
smooth surface by passing a hydrogen gas and a 
diluted TMA gas into the reaction vessel together 

10 witti the TMG gas. It was found possible to control 
the hole concentration at l x lO'^ to 1 x lO^o 
cm-3 with a high reproducibility by properly con- 
trolling the film-growth temperature and the AsHa 
flow rate. 

75 The relationship between tiie molar ratio R and 
the hole concentration was examined, with the re- 
sults as shown in Fig. 6. As seen from the graph of 
Fig. 6. the carrier concentration was not more than 
1 X 10^^ cm-^ where the molar ratio R was 20 or 
20 more as in tiie prior art. On tiie other hand, the 
carrier concentration was markedly increased, 
where the molar ratio R was 3 or less. It should be 
noted ttiat the carrier concentration can be further 
increased, if the film-growth temperature Ts is 
25 lowered. As a matter of fact, the relationship be- 
tween the carrier concentration and tiie molar ratio 
R was examined under temperatures ranging be- 
tween 450 and 650* O within which a good crystal 
growth be obtaned. The carrier concentration of 7 
30 X 10^3 cm~3 was obtained under tiie film-growth 
temperature Ts of 520* 0 and the molar ratio R of 
0.75. Also, the carrier concentration of 1 x lO''^ 
cm-3 was obtained under tiie film-growth tempera- 
ture Ts of 650*0 and tiie molar ratio R of 1.5 or 
35 under ttie film-growtii temperature Ts of 550 O 
and the molar ratio R of 2.5. 

Still anotiier experiment was conducted by 
supplying TMG and TMA simuhaneously into the 
reaction vessel. In this experiment, tiie substrate 
40 temperature was set at 520* 0. and the mixing ratio 
of tiie TMG and TMA gases, i.e.. TMA/(TMG + 
TMA). was set at 0.2. Further, ttie V/lll ratio was 0.8 
or less. Obtained was a crystal of Alo.07Gao.93As 
having hole concentration of 1 x 10» cm'^. This 
45 experiment demonstrates that it is necessary to set 
tiie molar ratio R to fall within ttie range of between 
0.3 and 2.5 in order to achieve a carrier concentra- 
tion of 1 X lO^Mo 1 X 1020 cm-3 required for a p- 
type GaAs or AlGaAs layer Included in a semicon- 
50 ductor device. 

Rg. 7 shows the surface state of the grown film 
relative to ttie film-growtii rate and the V/lll molar 
ratio. It has been confirmed that deterioration of the 
surface morphology takes place in ttie grown film, 
55 if ttie V/lll molar ratio Widely deviates from tiie 
range of between 0.3 and 2.5. 

The minority canier life time of a p-type GaAs 
layer grown by the metiiod of the present invention 
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was measured by a time-resolved photo lumines- 
cence intensity measuring method, obtaining a val- 
ue of 600 psec with respect to a p-type carder 
concentration of 2 x 10^^ cm"^. This value is 
substantially the same as the minority can-ier life 
time of a p-type GaAs layer of the same carrier 
concentration grown by another method using a 
dopant material, which is reported in. for example, 
"H.C. Casey and M.B. Panish, Heterostructure La- 
ser, P 161. Academic press.1978". This Indicates 
that a thin film grown by the method of the present 
invention exhibits excellent crystal properties. 



Example 5 

Hetero bipolar transistors as shown in Rgs. 8A 
and 8B were manufactured by employing the meth- 
od of the present invention. The transistor shown in 
Rg. 8A comprises a semi-insulating GaAs sub- 
strate 60. an undoped GaAs buffer layer 61. an n~- 
GaAs collector layer 62. a p*-GaAs base layer 63. 
an undoped GaAs spacer layer 64. an n- 
AloaGacrAs emitter layer 65, an n*-GaAs layer 66. 
and an n*-lnGaAs ohmic contact layer 67. On the 
other hand, the transistor shown In Rg. 8B com- 
prises a semi-insulating GaAs substrate 60, an un- 
doped GaAs buffer layer 61. an n""-GaAs collector 
layer 62. a p*-AIxGai.xAs (x = 0 to 0.3) base layer 
68, an AlGaAs spacer layer 69. an n-Alo^Gao.7As 
erhitter layer 65. an n*-GaAs layer 66, and an n - 
InGaAs ohmic contact layer 67. 

In manufacturing the bipolar transistor shown in 
Rg. 8A, the layers 61. 62 and 64 to 67 were 
formed by an epitaxial growth method of the 
present invention, in which the AsHa flow rate was 
set at 400 seem and the film-growth temperature 
was set at 680* C. On the other hand, the p*-GaAs 
base layer 63 was formed under the film-growth 
temperature of 550* C. the hfe-dlluted 10% AsHa 
flow rate of 10 seem, the H2 flow rate into the TMG 
bubbler of 13.05 seem, and the V/lll molar ratio R 
of 1. 

In manufacturing the bipolar transistor shown in 
Rg. 88, the AlGaAs base layer 68 was formed as 
in the manufacture of the transistor shown in Rg. 
8A with respect to the film-growth temperature, the 
ASH3 flow rate, and the H2 gas flow rate into the 
TMG bubbler. In addition, the H2 gas flow rate into 
the TMA bubbler was continuously changed so as 
to enable the AlGaAs base layer 68 to have a 
composition gradient. The hetero bipolar transistor 
shown in Rgs. 8A and 8B were both found to 
exhibit satisfactory DC characteristics. 



Example 6 



A compound semiconductor device as shown 
in Rg. 9 was manufactured by the method of the 
present invention. As shown in the drawing, the 
device comprises a semi-insulating GaAs substrate 

5 70. an undoped GaAs buffer layer 71 . an undoped 
Alo.3Gao.7As spacer layer 72. a p •Alo.3Gao.7As 
hole supply layer 73, and an undoped GaAs layer 
74. The p*-Alo.3Gao.7As hole supply layer 73 was 
formed under the conditions that the molar ratio of 

10 the AsHs to the Ill-group materials of TMG and 
TMA was set to fall within the range of between 1 
and 2. and that the film-growth temperature was set 
to fall within the range of 550* C to 620* C. The 
hole supply layer 73 thus formed exhibited a good 

T6 mirror-like smooth surface. Also, the manufactured 
compound semiconductor device exhibited good 
DC characteristics. 

As apparent from the Examples described 
above, the method of the present invention makes 

20 it F>ossible to form a p-type GaAs or AlGaAs layer 
having a desired doping profile within a carrier 
concentration range of between 1 x 10^* to 1 x 
1020 cm~3 by means of MOCVD, It is important to 
note that the doping profile can be accurately con- 
as trolled in the present invention. As a result, the 
method of the present invention permits easily 
manufacturing a semiconductor device including a 
p-type GaAs or AlGaAs layer requiring a high 
carrier concentration. What should also be noted is 

30 that the p-type layer can be continuously grown In 
the method of the present invention, making it 
possible to eliminate a special valve operation re- 
quired for the switching of the gas supply. It follows 
that any special load is not applied to the film- 

35 growth apparatus. Further, a new raw material is 
not used as a p-type dopant material. Thus, the 
apparatus, in particular, the piping system is not 
stained with an impurity, leading to the growOi of a 
thin film having a high purity. 

40 

Example 7 

Manufactured in this Example was a hetero 
45 bipolar transistor constructed as shown in Rg. 10, 
which included a thin p-type base layer doped with 
a high concentration of an impurity. As seen from 
the drawing, the hetero bipolar transistor conjprised 
an undoped GaAs buffer layer 81, an n -GaAs 
50 contact layer 82 having a Si concentration of 4 x 
10^^ cm""3. an n-GaAs collector layer 83 having a 
Si concentration of 7 x 10'^ cm"^, a p*-GaAs base 
layer 84 having a hole concentration of 5 x 10^^ 
cm"3. an n-lno.1Alo.36Gao.s4As emitter layer 85 hav- 
55 ing a Si concentration of 5 x lO**^ cm~^. an n- 
Alo.3Gao.7As emitter layer 86 having a Si con- 
centration of 5 x 10^' cm~^. and an n + -GaAs 
contact layer 87 having a Si concentration of 4 x 
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10""* cm"^. These layers 81 to 87 were formed in 
the order noted above on the surface of a GaAs 
substrate 80 having a crystal axis direction of 
<100> by the MOCVD method using TMG. TMA. 
TMI, DMZ. AsHa and SihU as raw material gases. 
The p*-GaAs base layer 84 was 800 A thick, which 
was doped with Zn in a thickness of 600 A on the 
side of the collector layer and with C in a thickness 
of 200 A on the side of the emitter layer. In the 
conventional device. Zn alone is used as a p-type 
impurity of the GaAs base layer. In this case, the n- 
type emitter layer tends to be inverted into a p- 
type because of the diffusion of Zn. To overcome 
this problem, it was customary in the paist to form 
an undoped GaAs layer between the p -GaAs base 
layer and the n-Alo^Gao.yAs emitter layer 86. In 
the embodiment shown in Rg. 10. however, the 
portion corresponding to the spacer layer of the 
conventional device is doped with C. The distribu- 
tion of the carbon atoms in the thickness direction 
was measured by SIMS. Carbon atoms were found 
to have been slightly diffused toward the n- 
Alo^GaoyAs emitter layer 86. However, the DC 
characteristics of the manufactured semiconductor 
device have been found to be satisfactory. Also, 
the "on" voltage has been found to be normal. 
These indicate that the hetero Junction and the p-n 
junction were formed as designed in spite of the 
carbon diffusion. 

The semiconductor device shown in Fig. 10 is 
featured in that an indium-containing layer, i.e.. 
InGaAs layer or AlGalnAs layer, is newly formed 
between the n-AlGaAs emitter layer 88 and the 
p*-GaAs base layer 84, and that cartKjn is used as 
a p-type dopant In at least a part of the p -GaAs 
base layer. It should be noted that carbon is am- 
photeric. When contained in a GaAs or AlGaAs 
layer, carbon is activated by substantially 100% so 
as to act as an acceptor. On the other hand, when 
contained in a InGaAs or InAlGaAs layer, carbon 
tends to act as a donor. This is significant in the 
structure consisting of an AlGaAs or GaAs layer 
doped with a high concentration of carbon and an 
n-type InAlGaAs or InGaAs layer directly lami- 
nated on the AlGaAs or GaAs layer. To be more 
specific, the carbon atoms, even if diffused from 
the AlGaAs or GaAs layer, act as an n-type impu- 
rity within the In-containing layer, with the result 
that the position of the p-n junction is not deviated. 
In short, it is possible to suppress the deviation 
between the emitter-base hetero interface and the 
p-n junction interface in a hetero bipolar transistor 
by using an InAlGaAs layer as a part of the 
emitter layer on the side of the base layer or by 
using an InGaAs layer as a part of the GaAs base 
layer on the side of the emitter layer. 

Incidentally, it is possible to prevent the forma- 
tion of crystal defects at the emitter-base junction 



Interface by setting the thickness of the In-contain- 
ing layer at a level lower than the critical thickness 
at which rearrangement takes place. 

5 

Example 8 

The relationship between the hole concentra- 
tion and the pressure within the reaction vessel 
10 was examined by using an apparatus constructed 
as shown In Rg. 3. 

Specifically, a GaAs layer was grown in a thick- 
ness of 1 micron on the substrate 14. In this 
experiment. 10 liters of a Ha gas as a carrier gas 
75 was supplied into the reaction vessel 11 while 
evacuating the reaction vessel through the gas 
discharge pipe 17. A hydrogen gas was supplied to 
the TMG bubbler 31 at a flow rate of 15 seem. 
Also, an AsHa gas supplied to the reaction vessel 
20 11 such that the molar ratio or AsHa to TMG would 
be 2. For forming the desired GaAs layer, the 
temperature within the reaction vessel was set at 
550* C so as to cause thermal decomposition of 
the raw material gases. During the epitaxial growth 
25 operation, the opening degree of the needle valve 
47 mounted to the gas discharge pipe 17 was 
adjusted so as to control the pressure within the 
reaction vessel 11 at I to 400 Torr. The GaAs layer 
thus formed has been found to be of p-type con- 
so ductivity. Also, the hole concentration has been 
found to be continuously changed from 1x10^' to 
8 X 10^^ cm"3 as shown in Fig. 11 with respect to 
the change in the pressure within the reaction 
vessel 11 between 1 and 400 Torr. In addition, the 
35 result shown in Fig. 11 was obtained with a high 
reproducibility. The GaAs layer thus formed was 
observed with an interference microscope, with the 
result that the grown crystal exhibited a smooth 
mirror-like surface. 
40 An additional experiment was conducted in 

which TMA gas diluted with a hydrogen gas was 
also supplied to the reaction vessel together with 
the TMG gas. It was possible to obtain a p-type 
AlGaAs layer having a mirror-like surface in this 
45 experiment, too. It was also possible to control the 
hole concentration within the range of between 1 x 
10^* and 1 X 1020 cm-^ with a high reproducibility 
by adjusting the pressure within the reaction vessel 
at 1 to 400 Ton^. 
50 The present invention is not restricted to the 

preferred embodiments descrit)ed above with refer- 
ence to the accompanying drawings. In other 
words, various modifications and improvements 
can be achieved within the technical scope of the 
55 present invention. For example, it is possible to 
apply the technical idea of the present invention to 
the manufacture of various semiconductor devices 
such as a hetero bipolar transistor, a p-channel 
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HEMT, a semiconductor laser and a hot electron 
transistor Including p-type GaAs. AlGaAs and 
AX As layers. 



Claims 

1. A method for manufacturing a p-type com- 
pound semiconductor thin film containing a Ill- 
group element of at least one of Ga and At and a 
V-group element of As by metal organics chemical 
vapor deposition, characterized In that an alkylated 
compound having a methyl group is used as a raw 
material gas of the Ill-group element compound, a 
hydrogenated compound is used as a raw material 
gas of the V-group element compound, and the 
film is grown epitaxially under a condition that the 
molar ratio (V/lll) of the V-group element supply 
rate to the Ill-group element supply rate is set to 
fall within the range of between a first condition in 
which said ratio V/lll is smaller than 1 and growth 
of a crystal having a non-mirror surface takes place 
and a second condition in which said ratio is larger 
than 1 and growth of a crystal having a non-mirror 
surface takes place, so as to bring about growth of 
a crystal having a mirror-like surface. 

2. The method according to claim 1, character- 
ized in that the alkylated compound of the Ill-group 
element is selected from the group consisting of 
trimethyl gallium and trimethyl aluminum, and the 
hydrogenated compound of the V-group element is 
arstne. 

3. The method according to claim 2, character- 
ized in that the molar ratio V/lll falls within the 
range of between 0.3 and 2.5. 

4. The method according to claim 2, character- 
ized in that the semiconductor thin film is grown 
under the temperature falling within the range of 
between 450 and 700* C. 

5. The method according to claim 2, character- 
ized in that the semiconductor thin film is grown 
under the pressure falling within the range of be- 
tween 1 and 400 Torr. 

6. The method according to claim 1 , character- 
ized in that the carrier concentration of the semi- 
conductor thin film falls within the range of between 
1 X 10^8 and 1 X 1020 cm-3. 

7. The method according to claim 1. character- 
ized in that the epitaxial growth is earned out under 
the condition that rate of the growth depends on 
the supply rate of the hydrogenated compound of 
the V-group element. 

8. A method for manufacturing a p-type. com- 
pound semiconductor thin film containing a Ill- 
group element of at least one of Ga and Al and a 
V-group element of As by metal organics chemical 
vapor deposition, characterized in that an alkylated 
compound having a methyl group is used as a raw 



material gas of the Ill-group element compound, a 
hydrogenated compound is used as a raw material 
gas of the V-group element compound, and the 
film is grown epitaxially under a condition that rate 
5 of the growth depends on the supply rate of the 
hydrogenated compound of the V-group element. 

9. The method according to claim 8, character- 
ized in that the alkylated compound of the Ill-group 
element Is selected from the group consisting of 

10 trimethyl gallium and trimethyl aluminum, and the 
hydrogenated compound of the V-group element is 
arsine. 

10. The method according to claim 9. char- 
acterized in that the molar ratio V/III falls within the 

IS range of between 0.3 and 2.5. 

11. The method according to claim 9, char- 
acterized in that the semiconductor thin film is 
grown under the temperature falling within the 
range of between 450 and 700 C. 

20 12. The method according to claim 9. char- 

acterized in that the semiconductor thin film is 
grown under the pressure falling within the range of 
between 1 and 400 Torr. 

13. The method according to claim 8, char- 
25 acterized in that the carrier concentration of the 

semiconductor thin film falls within the range of 
between 1 x lO'^ and 1 x lO^o cm^^. 

14. The method according to claim 1. char- 
acterized in that the epitaxial growth is carried out 

30 under a condition that the molar ratio (V/lll) of the 
V-group element supply rate to the Ill-group ele- 
ment supply rate is set to fall within the range of 
between a first condition in which said ratio V/lll is 
smaller than 1 and growth of a crystal having a 

35 non-mirror surface takes place and a second con- 
dition in which said ratio is larger than 1 and 
growth of a crystal having a non-mirror surface 
takes place, so as to bring about growth of a 
crystal having a mirror-like surface. 

40 
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